The planktonic freshwater cyanobacterium Trichormus doliolum (Bharadw., ' Komarek and Anagnostidis released secondary metabolites that strongly inhibited the growth of other cyanobacteria. The major allelopathic compound inhibited PS II-mediated photosynthetic electron transport. The allelopathlc compounds were released under P-limited and rcplcte exponential growth; the release of the major allelopathic compound, however, increased 30-fold under P-limited growth. Increased irradiance under P-limited growth led tc elevated release of dissolved organic carbon, but there was no increase in release of the major allelopathic compound. This suggests that there are different control mechanisms for extracellular release of gross carbon and allelopathic secondary metaboliccs in T. d&i&m. Allelopathic compounds released by T. doliolum grown under phosphorus limit &ion significantly reduced the growth of Anabaena variubilis even when the biomass of the latter was 20-fold greater than that of T. doliolum. This suggests that under P limitation less abundant species can exert allelopathic effects on more abundant taxa.
In summer, cyanobacterial blooms of fairly low species diversity frequently dominate eutrophic lakes as the result of abiotic (Reynolds 1988) and biotic factors, such as grazing by zooplankton (Lehman and Sandgren 1985) , resource competition (Tilman 198 l) , and possibly allelopathy. Since Molisch (1937) coined the term allelopathy, the concept has been challenging in the understanding of species interactions and phytoplankton community structure; many observations of allelopathic activities and their effects on algae and cyanobacteria have been made since (Pratt 1966; Harris 1971; McCracken et al. 1980) . Keating (1977 Keating ( , 1978 , Gentien and Arzul (1990), and Bagchi et al. (1990) provided convincing evidence that allelopathy can affect phytoplankton seasonal succession. In this study we sought to determine if the production of allelopathic compounds in cyanobacteria may be affected by environmental factors. As a model organism we chose Trichormus doliolum, a planktonic filamentous cyanobacterium that has recently been shown to release compounds that inhibit the growth of a broad range of cyanobacteria and chlorophytes (von Elert and Jiittner 1996) . Rather than chemically extract cells to release suspected allelopathic compounds, we investigated the effects of changes in phosphorus concentration and light on the production and release of allelopathic compounds into the medium of chemostat cultures.
Materials and methods
Cultivation of cyanobacteria-Cultures of Trichormus doZiolum (Bharadw.) Komtiek and Anagnostidis (syn. Anabaena doliolum), Anablzena variabilis P-9, and Anabaena sp. PCC 7120 (ATCC 27893) were obtained from I? Wolk (MSU-DOE Plant Research Laboratory, Michigan State University). Cultures of Anabae,w sp. 123 were obtained from K. Sivonen (Helsinki) and Microcystis sp. PCC 7806 was obtained from R. Rippka (Pasteur Culture Collection, Paris). All cultures were axenic. Cyanobacteria were maintained in sterile medium containing 0.6 mM CaCl,, 8 mM NaNO,, 0.4 mM K,HPO,, 0.4 mM MgSO,, 10 uM Fe-EDTA, 10 PM H,BO?, 10 ,xM MnCl,, 2 PM N&Moo,, 0.2 PM ZnSO,, 0.2 PM CuSO,, and 0.2 PM CoSO, in ultrapure water (Jiittner et al. 1983 ) at 25°C and 12 pm01 photons m.'2 s-I. T. doliolum was grown as a chemostat culture (500 ml, 28OC, 48 and 87 pmol photons rnmm2 s-l, dilution rate 0.3 d-l, aeration rate of 0.1 liter min-l) in cyanobacterial medium supplemented with 120 mg liter I TES (N-tris[hydrox!rmethyl]methyl-2-aminoethanesulfonate). High-phosphorus medium contained 400 PM K,HPO,; lowphosphorus medium contained 2 PM phosphate to which 0.8 mM KC1 was added to maintain ionic balance. The pH of the media was adjusted to 7.5 with 2 M NaOH prior to autoclaving.
Isolation of allelopathic compounds-Samples (100 ml) were taken from the chemostat culture of T. doliolum and the cells were removed by centrifugation (20 min, 12,000 X s). The cell-free supernatant (=extracellular products) was adjusted to pH 7.0 with 2 M HCl. Methanol was added to achieve a 1% concentration and the resultant solution was passed through a Cl8 cartridge (10 g sorbent, Analytichem Int.). Allelopathic compounds were recovered from the cartridge by elution with 10 ml each of 100% methanol. The 100% methanol eluate was evaporated to dryness, resuspended in 100 j~l of methanol or ethanol, and this extract of the released products was stored at 4°C. Cells of T. doliolum were harvested by centrifugation, lyophilized, and stored at 4°C. To extract the allelopathic com-pounds from cells, 100 mg of lyophilized biomass was resuspended and extracted by ultrasonification in 50 ml aqueous methanol (50%) at 4°C and extracted four times with the same solvent. The combined extracts were cleared of particles by centrifugation (20 min, 12,000 X g), the supernatant was evaporated to dryness, and the residue was resuspended in a 1% methanol solution. The solution was adjusted to pH 7.0 and extracted with a Cl8 cartridge as described above.
Methanol solutions of extracts of the extracellular products and of the cells were subjected to reversed-phase HPLC on a Beckman programmable solvent module 126 equipped with a diode array-detector module (DAD 168, Beckman). Chromatograms were recorded and analyzed with Gold VS510 software. Aliquots (100 ~1) were chromatographed on a 250 X 4.6-mm column (Kromasil 100-5 C18, EKA Nobel, Bohus, Sweden) with a flow rate of 1 ml min-' using a linearly increasing concentration of methanol from 0 to 100% for 3-28 min followed by 100% methanol for 28-36 min. Fractions of 4 ml were collected, evaporated to dryness, and tested for allelopathic activity. Further purification of the active compounds was achieved by separation on a 250 X 4.6-mm column (Spherisorb 5 C8, Phase Sep., Deefide, England) with a linear gradient elution profile of 60-80% methanol throughout the 0-40-min time course. The amount of purified compounds was not sufficient to determine the molar extinction coefficients, so quantification was done by integrating the area of the peak of the Chromatographic separation at 254 nm (area&.
Agar dij%sion bioassay -We tested for anticyanobacterial activity by using a slight modification of the agar diffusion assay described by Flores and Wolk (1986) . Methanol solutions of extracts were diluted with an equal amount of sterile water and spotted on Petri dishes (1% agar in halfconcentrated cyanobacterial medium). The solvent was evaporated in a stream of sterile air and then the lower layer of agar was overlaid with IO ml of 1% agar containing the cyanobacterial indicator cells A. variabilis P-9. After 3 d of incubation in the light, clearing zones around the spots indicated allelopathic activity.
Liquid culture bioassay-The indicator strain A. variabilis P-9 was grown in 300 ml Erlenmeyer flasks in a controlled environment incubator shaker (120 rpm) in 100 ml of cyanobacterial medium (28"C, 25 pmol photons rnp2 s-l). To determine the effects on growth, 150 ,ul of the ethanol solution of the extract of released products of T. doliolum was added to growing cultures (biomass of 6 mg C liter-'). Controls received equivalent amounts of ethanol. Cyanobacterial growth was measured by determination of the optical density of the cultures at 530 nm.
Photosynthetic oxygen evolution-Anabaena sp. 7120 was used instead of A. variabilis P-9 for determination of photosynthetic oxygen evolution because it grew in more homogeneous cell suspensions. Oxygen evolution was measured with a Clark-type electrode mounted in a 1.5-m] cuvette. The addition of chemicals followed procedures given by Allen and Holmes (1986) . Exponentially growing batch cultures were diluted with fresh medium to yield a concentration of 3-5 pg Chl a ml-l. To study the effects of extracellular allelochemical products on PS I, a suspension of the test organism was incubated in the presence of 10 PM DCMU (3-(3,4-dichlorophenyl)-1, 1-dimethylurea). The basal rate of PS I was measured after the addition of a control solution containing 40 ~1 ethanol, sodium ascorbate (3.3 mM) as an artificial electron donor, and NJ-dimethyl-4-niti-osoaniline (6.7 PM) as an artificial electron acceptor. The basal rate of PS II-mediated electron flow was measured after addition of ethanol and 135 ,uM 2,6-dichlorophenolindophenol, which inhibited PS I and served as an artificial electron acceptor of PS IT. The effects of the released allelochemicals were determined by replacement of the ethanol by an equivalent amount of the ethanol solution of the extracellular products.
Inhibition of CO, Jixation-Allelopathic effects on CO, incorporation into the particulate fraction were measured by incorporation of disodium [14C]-carbonate into cells of A. variabilis P-9. In these experiments 4.6 ml of exponentially growing cultures of A. variabilis P-9 were transfemed into testtubes containing 50 ~1 of ethanol solution of the extract to be tested. Control treatments received only ethanol. Then, 500 PJ of an aqueous solution of Na,l"CO, (I. 1 X lo4 Bq, 1.95 Bq mmol-') was added to each tube. Triplicate incubations were performed at 66 pm01 photons rnd2 s-l for 4 h. The CO, fixation was stopped by addition of 250 ~1 of formalin (37%, wt/vol, pH 7.0). Samples were filtered on 0.2-km pore-size cellulose nitrate membranes (Sartorius, 25-mm diam) under low vacuum (<2 X 10" Pa) and washed twice with 5 ml of sterile medium each. The filters were then placed in scintillation vials and 5 ml of a scintillation cocktail (Filtercount, Canberra Packard) were added. The samples were stored for 12 h before radioactivity was measured in a liquid scintillation counter (Canberra Packard Tri Carb 1900 CA). Quenching was corrected for by external standard ratio. Mean values of CO, fixation of triplicate samples were calculated according to Vollenweider ( 1974) . Inhibition was the difference in fixation between inhibited and control treatments and was expressed as the percentage of fixation in the control.
Determination of biovolume-The volume of the cyanobacterial filaments was measured in a CASY particle analyzer with a loo-pm capillary (Schtirfe System, Reutlingen, Germany). Depending on cell density, the sample was diluted 1 : 10 or 1: 100 to obtain counts between 4,000 and 10,000 particles. Five 0.2-m] replicates were measured.
Results
Growth characteristics of T doliolum cultures-A chemostat is a flowthrough chamber in which the degree of limitation by a mineral resource is determined by the dilution rate. Increasing the concentration of the limiting resource results in a higher biomass with the same degree of limitation. However, if the concentration of a limiting resource is increased too far, it limits no further and limitation is taken over by another resource. When T. doliolum was grown in Table 1 . Influence of light intensity and phosphorus concentration on extracellular dissolved organic carbon (DOC) and conccntration of the major allelopathic compound A, in cultures of Trichormus doliolum. The amount of A, is given as the integrated area of the corresponding peak (as shown in Fig. 1 continuous culture under 48 pm01 photons m2 s-I with a dilution rate of 0.3 d -I and supplied with 2 PM and 400 PM P, the 2 PM P supply led to a lo-fold reduction in biomass compared to the 400 ,uM P culture (Table 1 ). The elemental composition of the biomass (molar ratios) of C : P was determined with C : P of 255 under low P and C : P of 63 under high P, indicating P limitation of the 2 PM P culture. Increasing the photosynthetically active radiation from 48 to 84 pmol photons m-* s-l did not change biomass of the 2 PM P culture, but doubled that of the 400 PM P culture ( Table l) , indicating that the high-P culture was light limited at 48 pmol photons rnp2 s-l.
Inhibition of growth-When extracted extracellular products from the P-limited (2 PM P) chemostat culture of 7'. doliolum were added to exponentially growing cultures of A. variabilis P-9, a reduction in growth was observed (Fig.  l) , which was dependent on the inhibitor concentration. The addition of extracellular products enriched from 100 ml of the T. doliolum culture resulted in an immediate cessation of growth; however, recovery was observed after 5 d (Fig.  1) . When extracellular products enriched from 1 liter of the P-limited T. doliolum culture were added, the indicator organisms were killed and a recovery of growth was no longer observed (Fig. 1) . The allelopathic activity was so strong that extracted extracellular products of even 10 ml of this culture medium, corresponding to a biomass of T. doliolum of 33 pg C, were sufficient to significantly red&e the growth of the test organisms (Fig. 1) .
HPLC separation of allelopathic activity-The extracellular products of a continuous culture of T. doliolum were extracted with C 18 solid-phase extraction (C 18 SPE) cartridges and further purified by reversed-phase HPLC on a Cl8 column in a steep gradient of water/methanol. When the fractions of the eluent were tested for inhibition of CO, fixation of A. variabilis P-9, allelopathic activity from both the 2 and 400 PM P chemostat cultures was eluted under conditions of 90-100% methanol. This active fraction was used for further purification on a C8 HPLC column. Allelopathic activity from the 2 ,uM P culture was found to coincide with three absorption maxima, which were labelled A,, A2, and A, (Fig. 2B) . The same peaks were also detected in the active frac:tion of the 400 PM P culture, although the three compounds were present in smaller amounts ( Fig. 2A ).
Chromatograms were monitored at 254 nm, which corresponded to a wavelength absorption maximum of the major allelopathic compounds when being scanned by a diode array detector. The major allelopathic compound, as tested in the agar diffusion assay, was also the major inhibitor of CO, incorporation in P-limited (2 PM P) chemostat cultures (Fig.  2C ). This peak coincided with the major allelopathic activity in all separation systems used, so both features were assumed to belong to the same compound. The compounds A,, A,, and A, were also present in extracts of lyophilized biomass of T. doliolum but did not represent the major allelopathic activity of these extracts.
Mode of growth inhibition -Extracted extracellular products and HPLC fractions from chemostat cultures of T. doZiolum were used to demonstrate their inhibitory activity on metabolic processes of other cyanobacteria. A. variabilis P-9, a related cyanobacterium, served as test organism. CO, incorporation into cell constituents was severely inhibited by supernatants of both the 2 and 400 PM P chemostat culture, indicating that allelopathic compounds are continuously released by actively growing T. doliolum (Table 2) .
Because the extracted extracellular products inhibited CO, incorporation, experiments were conducted with Anabaena 7120 to determine more precisely the target site of the major allelopathic compound A,. When PS II was inhibited by DCMU, the electron flow from the artificial electron donor DCPIP (reduced by sodium ascorbate) via PS I to the artificial electron acceptor PNDA showed no difference between ethanol alone or ethanol plus the major inhibitor A, treatments (Table 3) . However, electron flow from water to DCPIP, which accepts electrons from PS II (Trebst 1980) , and oxygen evolution of PS I + II were effectively inhibited by the major inhibitor A,.
Extracellular release under P-limited growth conditionsInhibitory activity of CO, fixation was released under both P-limited (2 FM P) and light-limited (400 PM P) growth conditions and was much stronger for supernatants of low- P than for low-light cultures ( Table 2 ). The same holds for release of the major allelopathic compound A,, which we detected in the medium as well as in the cells of 7'. doliolum of the 2 PM and the 400 PM P-grown cultures. When T. doliolum was grown under 48 pm01 photons m-2 s-l and two different P concentrations, biomass was reduced at the lower P concentration (Table 1) . Dissolved organic carbon (DOC) concentration was lower under conditions of 2 PM than under 400 PM P, but the release of DOC per biomass increased sevenfold under P-limited growth (Table 1 ). The extracellular concentration of A, was three times higher under low-P conditions (Table 1) . When this higher amount of extracellular A, was normalized to the lower biomass of T. doliolum under P-limited conditions, the release per biomass was -30 times higher than it was under light-limited conditions (Table 1) . Under high light intensities (84 pmol photons rnp2 s-l), biomass and DOC increased in cultures grown at 400 PM P, but the extracellular concentration of A, decreased, leading to less release of A, per unit biomass (Table  1) . Under low-P conditions, only DOC release increased with increased light, but biomass and release of A, did not change. Under high light conditions the P-limited culture released -200 times more A, per unit biomass than did the high-P culture (Table 1) . For a given volume of culture, if the amounts of A, found within the cells and in the medium were compared, much more extracellular than intracellular A, was found (Table 4) . This holds for 2 PM and 400 PM P-grown cultures. In both cultures the release of A, followed a concentration gradient from the intra-to the extracellular compartment: A, is three orders of magnitude more concentrated in the cells than in the medium (Table 4) . However, the ratio of the extracellular Table 4 . Effect of phosphorus concentration on intracellular and extracellular concentrations of the major allelopathic compound A,. The amount of A, was calculated as the integrated peak area at 254 nm (area2J. The intracellular concentration is given as areaZs4 ml-' biovolume. The release ratio is the ratio of released to intracellular bound A, in a chemostat-grown culture of Trichormus doliolum (48 pmol photons m-2 s -I). to the intracellular fraction (release ratio) of A, is modulated by the availability of P: the release ratio increases fivefold under P limitation (Table 4 ). This increase of the release ratio is paralleled by an increase of the intracellular concentration of A, by a factor of five to six under P limitation. Hence, P limitation leads to higher intracellular concentration of A,, a steeper concentration grad&t between the cell and the medium, and increased release of the major inhibitor A,.
Discussion
The extracellular release of primary metabolites of the phytoplankton has been studied intensively and it has been disputed whether significant release actually takes place in actively growing phytoplankton cells (Watt 1969; Nalewajko and Marin 1969; Sharp 1977; Mague et al. 1980; Myklestad et al. 1989) . There is sound evidence that elevated extracellular release occurs under conditions of nutrient limitation (Myklestad 1977; Socder and Bolze 198 I ) . These observations are valid for primary metabolitcs; however, allelopathic compounds of cyanobacteria that belong to secondary metabolites may behave differently.
In this paper we describe the extracellular release of anticyanobacterial compounds by actively growing cultures of the planktonic cyanobacterium T. doliolum. The amounts of the major inhibitor in the medium exceeded the cell-associated amounts for all culture conditions. Because P is most frequently the limiting nutrient factor in freshwater ecosystems (Hecky and Kilham 1988) and during blooms of cyanobacteria (Thompson et al. 1994) , we investigated the release of allelopathic substances under limiting and nonlimiting P concentrations (light limitation). At identical growth rates, the ratio of the extracellular to intracellular amounts of the major inhibitor A, increased under P limitation. When normalized to biomass, T. doliolum released 30 times more of the major inhibitor under P-limited growth. One criticism of culture experiments when used for interpretation of natural situations is that nutrient-rich media are misleading because they result in high concentrations of phytoplankton biomass and hence high levels of allelopathic activity (Keating 1977; Maestrini and Bonin 1982) . This criticism was based on the assumption that allelopathic activity is related to biomass. Our results differ in that nutrient-rich media led to reduced synthesis and release of allelopathic activity. Our findings support published observations for biologically active compounds of other aquatic microorganisms. The toxicity of the dinoflagellate Protogonyaulax tamarensis was reduced in nutrient-rich cultures (Boyer et al. 1987) . Shilo (197 1) reported increased intracellular concentrations and elevated release of an antibacterial compound by Prvmnesium parvum under P limitation. Elevated release of bicblogically active compounds under nutrient limitation was ol)served with Nostoc muscorum (Bloor and England 1991) and with Scytonema sp. (Chetsumon et al. 1993) .
Biomass 01' T. doliolum of >330 pg C liter 1 was needed to reduce the growth of the test organism A. variabilis P-9. Compared to natural conditions, this is a rather high level fqr the biomass of a single species. However, when extrapolating biomass and inhibitor concentrations from batch experiments to natural situations, one must consider that batch experiments might lead to unrealistically high values because of a horlogeneous distribution of the allelopathic compound due to experimental shaking. Similar to the release of extracellular organic carbon, release of allelopathic compounds under natural conditions should result in concentration gradient!; around the excreting phytoplankton cell (Mitchell et al. 1985) . Hence, locally high concentrations of inhibitors would result in the local inhibition of neighboring phytoplankton cells, although the mean biomass of the allelopathically active species would be low.
The mechanisms of release of extracellular organic carbon from healthy phytoplankton cells include active release (Fogg 1983) z.nd passive permeation (Bj(irnsen 1988) . Increased release of organic carbon under nutrient limitation has been deml3nstrated for laboratory cultures (Myklestad 1977) and natural waters (Thomas 1971) and has been interpreted as an overflow reaction of phytoplankton cells for photosynthetic;illy fixed carbon (Fogg 1983) . Such a response can clearly be denied for the allelopathic compounds in T. doliolum. This was shown by experiments with P-limited cultures that were grown with increased light intensity. The result was an increased release of DOC, but not of the major allelopat hit compound A,. Because the intracellular concentration of A, was higher than the extracellular one, a passive mechanism of release cannot be excluded.
The major allelopathic compounds released by T. dolioZum were extracted from spent medium with Cl8 cartridges, which suggests a slightly hydrophobic nature. The major compound effec:tively inhibited the photosynthetic electron flow in other cyanobacteria. This mode of inhibition is a widespread reaction of allelopathic compounds of cyanobacteria. Fischerellin, an algicide isolated from Fischerella muscicola, inhibits PS II (Gross et al. 1991) . The same site of inhibition was found for the algicidal activity isolated from Oscillatoria Zatc-virens (Bagchi et al. 1993) . Hapalindole A from Hapalosiphon fontinalis also exhibited algicidal activity (Moore et al 1984) , and cyanobacterin, an algicide from Scytonema hofnzanni, inhibited PS II (Mason et al. 1981; Gleason and Paulson 1984) . All these substances are hydrophobic, which might facilitate the permeation of these compounds through cell membranes and the ,accumulation in the thylakoids of the target organisms. Repellent or toxic effects to grazers or mammals were not investigated in this study.
However, for cyanobacterin the 48-h LC,, for the grazer Daphnia was determined to be in the same range as inhibitory concentrations for primary producers (Klapes 1990) , suggesting that photosynthetically inhibitory compounds might have grazer-repellent effects as well. Toxin-producing strains of cyanobacteria such as Microcystis PCC 7806 (producing microcystin; Birk et al. 1989) and Anabaena sp. 123 (producing anatoxin-a; Sivonen et al. 1989) were not allelopathically active in agar-diffusion assay (data not shown), suggesting that the ecological role of these toxins is not allelopathic.
The interference of these compounds with the photosynthetic electron transport leads to light-dependent toxicitythe same degree of interference with photosynthesis results in inhibition of growth, which is stronger the closer that growth of the target organism is to light limitation (von Elert and Jtittner 1996) . Allelopathy can lead to reduced growth rates of the target organism at very low relative abundances of the donor organism. This view is supported by our experiments. A biomass of P-limited 7'. doliolum that corresponded to only 5% of the biomass of the test organism released allclopathic activity that led to a severe growth rcduction of the test organism. This suggests that less abundant species in the phytoplankton community can exert an allelopathic effect on the species composition when growing under nutrient limitation. The mechanism of enhanced allelopathic activity under P limitation might improve the competitive ability of T. doliolum under conditions of severe nutrient competition.
